
1 

Article type: Full Length Article 1 

Study of structural factors of structure-resolved filter media on the particle loading 2 

performance with microscale simulation  3 

Zhengyuan Pana, b, Qisheng Oua, Francisco J. Romaya, Weiqi Chena, Tianle Youb, Yun Liangb, 4 

Jing Wang c, d, David Y. H. Puia 5 

a Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455, 6 

USA 7 

b State Key Laboratory of Pulp and Paper Engineering, South China University of Technology, 8 

Guangzhou 510640, China 9 

c Institute of Environment Engineering, ETH Zurich, 8093 Zurich, Switzerland 10 

d Advanced Analytical Technologies, Empa, Ueberlandstrasse 129, 8600 Dübendorf, 11 

Switzerland 12 

Corresponding author: Prof. David Y. H. Pui 13 

Prof. Yun Liang 14 

15 

Keywords: microstructure, virtual design, particle loading, fibrous filter media, numerical 16 

simulation 17 

18 

(Abstract) Microstructure strongly affects the macroscopic properties of filter media. Many 19 

previous works studied the filter loading behavior with the single fiber or macroscale model 20 

using unresolved fiber networks, but the influence of pore-scale structure was not thoroughly 21 

investigated. In this paper, the dynamic dust loading process in structure-resolved filter media 22 

was studied with microscale simulations. The distribution of trapped particles in the filter media 23 

in depth and cake filtration regimes was recorded, and the evolution of pressure drop and 24 

filtration efficiency was analyzed in depth. This work systematically explored how structural 25 

factors such as filter thickness, solidity (i.e., packing density), bulk, and fiber orientation affect 26 

the dust holding capacity (DHC) of the filter media. We also investigated better composite 27 

filters based on various designed filters with multilayer, uniform, or gradient structures. The 28 

results showed that the filter L-bot with a finer fiber layer at the bottom had the highest dust 29 
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loading capacity, 63.98% higher than the filter L-top with an inverted structure, followed by the 30 

gradient filter GI-lin and GI-exp with open pore structure near the inlet. Our work presents a 31 

strategy for designing innovative depth filter media with effective and prolonged service life. 32 

Our detailed simulation with structure-resolved fiber network and particle deposits provides a 33 

fundamental understanding of the dust loading process. 34 

 35 

1. Introduction 36 

Human health safety and the high levels of air pollution in the atmosphere have attracted broad 37 

attention from researchers due to the potential transmission of airborne microorganisms [1-3], 38 

which also has driven the development of enhanced air filtration techniques. Fibrous filter 39 

media with tortuous pore channels and fiber network able to capture airborne particles while 40 

allowing the air to pass through have been widely utilized in various application fields [4], such 41 

as the air intake system for internal combustion engines [5, 6], HVAC (Heating, Ventilation, and 42 

Air Conditioning) [7, 8] systems for residential and commercial buildings, and many other 43 

industries [9]. Filter microstructure is critical to the macroscopic performance of filter media [10]. 44 

Benefiting from technology advancement, filter media with desired microstructures can be 45 

realized for high filtration performance and extended lifespan. Nanowave® filter media 46 

developed by H&V (Massachusetts, USA) has a three-layer configuration with a layer for dust 47 

holding capacity, a layer for high filtration efficiency, and a support layer to provide sufficient 48 

mechanical endurance [11]. Wet-laid machines equipped with dual or triple-channel headboxes 49 

were able to produce muti-layer filter media with a gradual transition rather than sharp changes 50 

near the interfaces between separate layers [12], which can improve interfacial bonding and 51 

enhance mechanical performance [13]. Bu et al. reported that highly oriented fibers such as a 52 

grid pattern could be fabricated through mechano-electrospinning [14]. Moreover, advanced 53 

additive manufacturing (3D printing) machines with a resolution smaller than 1 μm can 54 

fabricate microfiltration membranes or substrates for composites with free-form structures [15]. 55 

Despite these technologies needing to be improved for mechanical strength, uniformity, 56 

resolution, and fabrication speed, they offered the possibility of developing filter media beyond 57 

current geometrical restrictions. However, traditional experimental design methods based on 58 
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the principle of trial and error cannot respond promptly to the demand for filter media with 59 

improved performance from the industry. In this context, optimizing the microstructure and 60 

filtration performance of filter media by combining the virtual design with numerical simulation 61 

can be highly effective. 62 

 63 

The particle loading process includes steady and non-steady stages [16]. The steady filtration 64 

stage assumes the flow is steady, and particles are only captured by the fiber network of the 65 

clean filter. The moving particles and deposits on the fibers have negligible influence on the 66 

flow field. As the number of particles captured by the fibers increases, dendritic deposits acted 67 

as “fiber” [17], and the flow field cannot be assumed steady anymore. Most of the previous 68 

research focused on initial filtration performance at a steady stage [18-21], few works on the 69 

filtration behavior of complete filter media under non-steady conditions are available due to the 70 

constantly evolving flow field and pore-scale structures inside. Solving the fundamental 71 

equations for particle motion in a multi-way coupled regime requires extensive computational 72 

resources. Thus, previous works preferred to leave out the influence of the microstructure. Some 73 

of them studied the growing process of particle dendrites on the upwind side of a single fiber 74 

[22-24] or in a 2-D filter media model [25, 26] instead, which may not be representable for the 75 

behavior of the real-world filter with a 3-D structure. To save computation expense, many 76 

researchers investigated the dust loading process using 3-D macroscale models [27-29]. Filter 77 

media were considered as completely homogeneous or divided into several homogenized 78 

blocks with determined parameters such as permeability derived from experiments and 79 

empirical relations via volume averaging [30] or asymptotic homogenization [31], and 80 

implemented constitutive relations to account for the change in permeability and efficiency due 81 

to the particle deposition. However, the pore scale geometries in macroscale simulations were 82 

neglected. In other words, there was no distinction between regions for pores and solid fibers, 83 

and this would be away from the main idea of understanding the filtration process in the actual 84 

pore structure of the filter media. Thus, the present work focused on microscale simulations, 85 

where the 3-D random virtual structures were sufficiently resolved to capture the pore space 86 

features and particles during the dust loading process. Fortunately, the growing computation 87 
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power of modern computers enables such simulations. Saleh et al. [32] initially studied the 88 

particle loading process for resolved filter media composed of 2 μm fibers with three different 89 

solidities of 2.5%, 5%, and 7.5%, challenged with aerosol particles with a diameter of 1 μm and 90 

velocity of 1 m/s. The original void voxels occupied by particle deposits were approximately 91 

assumed as porous voxels with a constant permeability of 1×10-14 m2. Sanghyun et al. [33] used 92 

computation modeling to interpret the role of designed interlayer space between layers of a dual-93 

layer filter media on the pressure drop during the loading process. Azimian et al. [34] simulated the 94 

lifetime multi-pass process for oil filter media with three designed structures against polydisperse 95 

particles suspended in oil with high viscosity. These works above indeed proposed a good 96 

perspective to study the particle loading process with structure-resolved simulation, but the 97 

influence of microstructure on the DHC of air filters was not thoroughly investigated.  There are 98 

also some semi-empirical equations based on filtration theory and experimental data [35, 36]. Still, 99 

these are limited to the prediction for the cake filtration stage, since the dynamic behavior of 100 

particles in the depth stages may be highly dependent on the microstructures of the filter media.  101 

 102 

This research work aimed to systematically study how the microstructure of depth filter media 103 

(mainly applied to the internal combustion filtration systems) contributes to the macroscopic 104 

filtration performance, especially the particle loading behavior. Referring to a commercial 105 

product applied in air intake systems, virtual filter media with different bulks (i.e., the total 106 

volume divided by mass, widely used in pulp and papermaking), thicknesses, solidities, and 107 

fiber orientations were generated, and their dust loading performance was explored with 108 

detailed structure-resolved 3-D simulations. The simulation method was validated by 109 

comparing the results in the cake filtration stage with semi-analytical models. The movement 110 

of particles was tracked, the deposits on the surface or through the depth of filter media were 111 

recorded and visualized, and the solid volume fraction (SVF) of local deposits was analyzed to 112 

explain the dust holding behavior of the filter media. Furthermore, eight composite filter media 113 

composed of bimodal size fibers with gradient and layered structures were virtually designed. 114 

Their corresponding performance was modeled and compared to filters with homogeneous 115 

structures. This work sheds light on the microstructure of fibrous filter media, demonstrating 116 
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that the in-depth analysis of particle deposits in the filter media can be critical for understanding 117 

and describing the dust loading process.  118 

 119 

2. Numerical simulation 120 

2.1 Design of fiber network morphology 121 

To investigate the effect of filter microstructure on the DHC, virtual filter media with different 122 

designs were generated using the voxel-based model. In this work, the constructions were 123 

varied by controlling the structural parameters such as porosity (basis weight), filter thickness, 124 

fiber orientation, and fiber counts over the depth of filter media. Fibers were simplified as 125 

straight cylinders with smooth surfaces and were allowed to overlap with each other. In the 126 

traditional filter media, fibers are isotropically distributed in the in-plane (IP) direction and 127 

homogeneously stacked in the through-thickness (TT) direction (Figure 1a). Then the porosity 128 

and thickness were adjusted to investigate their influence on filtration performance. Filter 129 

constructions varied with different fiber orientations are illustrated in Figure1 b-e. Fibers were 130 

mainly oriented perpendicular to the aerosol flow, while their centers were randomly distributed. 131 

Angles of the intersecting fibers were set to 30 ° (Figure 1c, O-30), 45 ° (Figure 1d, O-45), 132 

90 ° (Figure 1b, O-90), and 180 ° (Figure 1e, O-180), respectively. Similar to filter O-180, 133 

fibers contained in filter O-stag (Figure 1f) and O-align (Figure 1g) were parallel to the surface 134 

plane of the filter, but with uniform spacing, and the fibers were staggered or aligned in the 135 

filter media. Moreover, composite filter media with layered or gradient structures were created 136 

by adjusting the distribution of finer fibers (green in Figure 1) over the depth of filters. For the 137 

layered filters, a thinner layer with a thickness of 10 μm was set at the top (Figure 1h, L-top), 138 

middle (Figure 1i, L-mid), or bottom (Figure 1j, L-bot) of the filter media. In the gradient 139 

filters, the SVF of fine fibers increased from the aerosol outlet to the inlet of the filter linearly 140 

(Figure 1l, G-lin) or exponentially (Figure 1n, G-exp), respectively [37] (see Text S1 for 141 

detailed creation process). In addition, their corresponding inverted structures were created as 142 

well, respectively illustrated in Figure 1m (GI-lin) and Figure 1o (GI-exp). Noted that the 143 

arrow beside the filters pointed towards the layers with more finer fibers. For comparison, a 144 
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filter where bimodal size fibers were distributed homogeneously through the thickness was 145 

constructed, as shown in Figure 1k (G-hom). The filter media above had the same size as 300 146 

× 300 × thickness (m × m × m). In composite filter media, the diameter of red (or coarse) 147 

and green (or fine) fibers were 10 μm and 2 μm, and their densities were 1380 kg/m3 148 

(polyethylene terephthalate) and 2580 kg/m3 (glass), respectively. The mass ratio of the coarse 149 

and fine fibers was 9:1. The voxel size was configured as 0.5 μm to keep loaded particles and 150 

thinner fibers in the composite filter media with sufficient resolution (4 times larger than the 151 

length of a voxel).  152 

 153 

2.2 Numerical models 154 

2.2.1 Airflow and particle movement 155 

In this work, the airflow and particle transport during the filtration process was simulated using 156 

the FilterDict-Media® module of a commercial software package GeoDict® [38]. In the initial 157 

filtration (clean filter) stage, air flow governed by conservation of mass and momentum was 158 

expressed by the continuity and Navier-Stokes (or Stokes) equations in differential form as 159 

follows,  160 

0v                                                                                                                                        (1) 161 

2( )v v p v f                                                                                                             (2) 162 

Equation 2 can be simplified to the Stoke equation as follows, 163 

v p f                                                                                                                              (3) 164 

where the inertial term has been ignored. The Stokes equation was used for the cases where the 165 

characteristic length (fiber diameter) was sufficiently small, leading to the Reynolds number Re 166 

<< 1, with the airflow considered as creeping flow [39]. Here, the Stokes equation was applied 167 

according to the calculated Reynolds number in each case. Then, based on the computed flow field, 168 

the particle motion was simulated considering the air drag, impaction, interception effects, and 169 

Brownian motion. Note that electrostatic forces were not considered in the scope of this work. 170 

The particle trajectories can be obtained by solving Equations 4 and 5 [40],  171 
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where the velocity of the particles in the ith step was denoted as 
i
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respective positions of the tracked particles in ith and (i +1) th step,  = 3
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   was the Cunningham slip correction factor to account for 176 

the slip effect around very small particles [41]. The third and four terms in Equation 5 referred 177 

to the air drag force and Brownian motion effect acted on each particle, respectively [44]. When 178 

a particle touched a filter structure such as fiber and particle deposits, the Hamaker model 179 

(Equation 6) was used to determine whether it can be deposited or continue moving [42]. The 180 

particle velocity was compared to the adhesive force. The particle was assumed to be caught on 181 

the filter structure if its kinetic energy when contacting the surface was not sufficiently large to 182 

break free from adhesive force. 183 

2

2

0

p

p P

H
v

a D
                                                                                                                                                       (6) 184 

Where a0 was the effective adhesion distance between the fiber surface and the particle, the 185 

typical value of 0.4 nm was used here [43]. H was the Hamaker constant, and the parameters for 186 

calculating its value are listed in Table S1.  Details for the calculation can be found in our former 187 

publication[19]. Also, the restitution parameter reflecting the amount of kinetic energy conserved 188 

after the inelastic collision was set as 0.1 [44], which means the particle loses 90% of its velocity 189 

during the collision. 190 

 191 

To simulate the particle loading process in the non-steady filtration stage, particles were introduced 192 

into the computation domain in batches until the desired pressured drop was reached. In each batch, 193 

the computation of flow field, particle tracking, and filter clogging was conducted. In other words, 194 

the particle loading process can be considered as the cycle of initial filtration (first batch), except 195 

that the flow field and particles deposited in the computation domain were updated after each cycle. 196 
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For the ISO A2 fine test dust, the count median diameter is around 2 to 3 μm [45], and the particle 197 

size and density were set as 2.5 μm and 2650 kg/cm3, respectively. After each batch, the voxels 198 

deposited with particles were analyzed. A threshold value was set to be 0.5 (volume fraction) here 199 

to determine whether the voxel was void pore or solid based on the volume fraction of deposits. 200 

Moreover, the volume fraction of deposits in each voxel would be accumulated with deposits in the 201 

succeeding batches until the threshold value was achieved [46]. 202 

 203 

The computation domain and boundary conditions were configured as shown in Figure S1. Empty 204 

spaces with 125 voxels thick were respectively added upstream and downstream of the filter media 205 

to avoid the flow closure and reserving space for the formation of filter cake at a later stage of 206 

loading. In each batch, 1250 particles randomly distributed in the initial plane, 1 μm downstream 207 

from the air inlet plane, entered the computation domain and were tracked. The number of particles 208 

set here was to keep the volume loss owing to overlap between deposited particles from one batch 209 

less than 3%. The aerosol flow was assumed dilute enough to ignore the interactions between 210 

particles, and the effect of moving particles on the flow was negligible as well. Virtual filters 211 

with high porosity can be assumed as periodic structures, and the empty space downstream and 212 

upstream was added to avoid the flow closure. The periodic boundary condition was prescribed 213 

in the inlet, outlet, and sides tangential to the flow direction, and the no-slip boundary condition 214 

was applied on the surface of deposited particles and fibers. Except for the validation cases, the 215 

face velocity was set to 5.35 cm/s in each case. The simulation was stopped once the pressure 216 

drop of the clean filter increased by 60 Pa, which was about 4 times higher than the initial clean 217 

filter. The standard built-in LIR (left-identity-right) solver in GeoDict was employed to conduct 218 

the flow simulations on a workstation equipped with 2 Intel Xeon 2.10 GHz Gold CPUs with 219 

52 cores and 512 GB RAM. The average time and storage space consumptions for a typical 220 

case in this work were around 8 h and 80 GB, respectively. 221 

 222 

2.2.2 Validation with semi-empirical equations 223 

In this section, the semi-empirical expressions used to predict the particle loading performance 224 

of the filters are introduced. The total pressure drop ( P ) across the filter media during the 225 
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loading process can be considered as the sum of drag forces resulting from the clean filter ( 0P ) 226 

and loaded dust cake ( cP ). The pressure drop caused by the clean filter media was given in 227 

Equation 7 [47]. 228 
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While the pressure drop resulting from the dust cake can be calculated from Equation 8 [36], 230 
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where dp and σp denoted the geometric mean size and geometric standard deviation of the dust 232 

particles, respectively. κ is the dynamic shape factor of the dust. Spherical particles were used 233 

in the simulations, thus assuming the dynamic shape factor as 1. V(εc) is the porosity-dependent 234 

function, assumed only dependent on the porosity of dust cake, and determined based on 235 

experimental results. Thus, different forms of the equation were given in previous studies. If 236 

the function V(εc) equals 10 (1-εc)/εc, Equation 8 represents a semi-empirical corrected 237 

Carman-Kozeny equation [36]. Distinguishing the contributions from short-range and long-range 238 

effects, Liu et al. [35] gave their expression of the porosity-dependent function as 239 
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                                                                                                                       (9) 240 

where fs denotes the short-range effect accounting for the shielding effect between the 241 

contacting adjoining particles. Vanni et al. [48] gave an expression for fs(εc) as Equation 10,  242 

10(1 )
( ) 1 0.6(1 ) c

s c cf e
   

                                                                                                     (10) 243 

fl is the long-range effect reflecting the interactions between the boundary layers of the particles. 244 

fl is given as different expressions in previous studies, and we compared two of them with our 245 

modeling results. An expression provided by Happel et al. is shown as Equation 11 [49],  246 

1/3 5/3 2
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                                                                 (11) 247 

When the  solid concentration of the moving particles is low, the long-range effect is evaluated 248 

by Equation 12 [50], 249 



10 

 

1/23 135
( ) 1 (1 ) 1 ) ln(1 ) 16.456(1 )

642
l c c c c cf            （                                              (12) 250 

The non-steady filtration can be further divided into the depth and cake filtration (surface 251 

filtration) stages. It is worth noting that the evolution of pressure drop during the depth filtration 252 

stage, which is highly dependent on the inherent structure of the filter media, was neglected in 253 

these semi-empirical expressions. This is one of the significant differences between the 254 

simulation methods presented here and the semi-empirical equations shown above.    255 

 256 

3. Results and discussion 257 

The validation of simulation results with semi-empirical equations is shown in Figure 2. The 258 

face velocity was set to 1 cm/s. 186 batches of particles were added into the computational 259 

domain in sequence before filling the inflow region. Figure 2b shows the filter media with 260 

collected particles inside and on the filter media throughout the entire modeling process. The 261 

x-y plane was parallel to the surface plane of the filter, while the z-axis was parallel to the TT 262 

direction and the arrow pointed towards the bottom of the filter. For intuitive visualization, the 263 

domain containing particle deposits without the fiber network is shown in Figure 2c. Moreover, 264 

deposited particles distributed in a 2D cross-sectional slice of filter media were analyzed and 265 

depicted in Figure 2d. The space between the two red lines represents the domain of filter 266 

media, and the green curve shows the SVF of the deposits through the thickness. The SVF 267 

increased from the bottom to the top, which indicates most of the particles were captured near 268 

the filter surface. The SVF of the formed cake seemed constant over the thickness, with an 269 

average value of around 0.21. Thus, the porosity was 0.79. Figure 2a compares the simulated 270 

pressure drop vs. mass of deposited particles per square meter curves with semi-empirical 271 

predictions. The calculated data using Carman-Konzeny and Vanni-Kim equations were close 272 

and generally agreed well with the simulation results, while the Vanni-Happel model over-273 

predicted the pressure drop. It should be noted that there are no perfect equations in the previous 274 

research for benchmarking the prediction of pressure drop or filtration efficiency during the 275 

filter loading process. The available semi-empirical equations themselves do not agree with 276 

each other as shown in Figure 2a. On this basis, we considered our simulation results were 277 
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validated as they were within a 20% margin of the empirical correlations except at the start of 278 

the cake filtration stage [32]. As we mentioned before, Equation 8 described the pressure drop 279 

due to the filter cake, so the starting point of the curves (i.e., the onset of cake formation) was 280 

assumed around the moment when the filtration efficiency of filter media approached 100%.  281 

 282 

3.1 Effect of filter thickness, porosity, and bulk on the loading performance 283 

The previous section showed that most of the particles were trapped near the filter surface, and 284 

the lower part of the filter did not play much of a role in particle filtration but induced a pressure 285 

drop according to Darcy’s law. This observation leads to an interesting question: how the filter 286 

thickness impacts the filter loading performance? The structural characteristics of the created 287 

filter with different thicknesses are listed in Table 1, with the solidity fixed (i.e., packing density) 288 

at 15.74% according to a commercial filter provided by Fibrway (Guangzhou, China) [51], and 289 

the mean diameter of fibers was assumed to be 10-μm. The median pore size (D50) of the filter 290 

media was calculated using the PoroDict-Porosimetry (GeoDict, Math2Market), and the pore 291 

size was defined as the size of the bottleneck of the through-pores in the filter. As the thickness 292 

increased from 50 μm to 450 μm, the median pore size decreased slightly.  293 

 294 

The simulated loading performance of the filter with the prescribed thicknesses is depicted in 295 

Figure 3a-c. As more particles are deposited inside the filter during the loading process, the 296 

previous interconnected through-pore space in the filter is taken up, resulting in a narrower 297 

available path for aerosol flow, leading to lower permeability and higher pressure drop. In 298 

general, the curve for the pressure drop versus the deposited particles is flatter in the initial 299 

stage (Ⅰ), followed by a gradual increase in pressure drop slope during the transition stage (Ⅱ). 300 

After entering the surface stage (Ⅲ), the curve becomes steep. For the filter with a thickness of 301 

50 μm (case 1-1, Table 1), there were only several layers of stacked fibers, the depth filtration 302 

stage duration was short, and the loading process can be considered as surface filtration. Thus, 303 

the pressure drop increased almost linearly over deposited particles. As shown in Figure 3a, in 304 

the transition stage the curves of the thicker filters were flatter since some particles were trapped 305 

in deeper places near the outlet, but there was no apparent discrepancy between the curves in 306 
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the cake filtration stage. Except for Case 1-1, the DHC of the filters was close and even 307 

decreased slightly with increasing thickness when the final pressure drop of 65 Pa was reached. 308 

For instance, the DHC of Case 1-2 was around 18.65 g/m2, which is 7.5% higher than Case 1-309 

6. Therefore, increasing the thickness of the filter improved the filtration efficiency significantly 310 

(Figure 3b) while maintaining the particle loading capacity. On the other hand, as shown in 311 

Figure 3c, most of the particle deposits were trapped within 0 ~ 135 μm away from the upper 312 

surface of the filter (65 ~ 200 μm away from the inlet). The observations suggest that the particle 313 

deposition inside the filter narrows the flow path and increases the effective filtration area, 314 

which prevents particles from further penetrating to the depth of the filter, So, the contribution 315 

from the bottom part of the filter to the particle loading capacity is minor. Thus, as the desired 316 

filtration efficiency is achieved, the thickness of the filter should be reduced to keep the loading 317 

performance and avoid material waste. 318 

 319 

Table 1. The structural characteristics of the virtual filter media with different thicknesses.  320 

Case h, μm εf, % D50, μm ΔP0, Pa 

1-1 50 15.74 ± 0.09 29.9  1.90 

1-2 150 15.74 ± 0.03 28.1  5.79 

1-3 185 15.74 ± 0.03 27.7  7.50 

1-4 250 15.74 ± 0.03 27.7  9.91 

1-5 350 15.74 ± 0.02 27.6 14.97 

1-6 450 15.74 ± 0.02 26.6 18.82 

 321 

Table 2 lists the structural characteristics of virtual filter media with different solidities. The 322 

solidity of filter media with 185-μm thickness increased from 6.45% to 19.35%, the median 323 

pore size declined 49.85% (from 48.2 to 24.2 μm), and the pressure drop increased from 1.78 324 

Pa to 11.90 Pa. The particle loading performance of these virtual filters is shown in Figure 4a-325 

c. The DHC of the filter decreases with the increase of solidity. When the final pressure drop of 326 

60 Pa is reached, the DHC of the filter with the solidity of 6.45% is around 29.80 g/m2, 73.86% 327 

higher than that of Case 2-5, which can be attributed to two factors: i) Filter with lower solidity 328 

has lower interstitial velocity, leading to the slower increase of the pressure drop; ii) As depicted 329 
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in Figure 4b, in the early filtration stage, since the capture efficiency of the filter with high 330 

porosity is low, more particles could penetrate to the depth of the filter (Figure 4c), the particle 331 

dendritic structure formed inside the filter is loose, leading to the slower increase of pressure 332 

drop. In other words, higher porosity filters have lower flow resistance and higher capacity to 333 

accommodate deposited particles. 334 

 335 

Table 2. The structural characteristics of the virtual filter media with different solidities. 336 

Case h, μm εf, % D50, μm ΔP0, Pa 

2-1 185 6.45 ± 0.01 48.2 1.78 

2-2 185 8.29 ± 0.05 42.3 2.47 

2-3 185 11.61 ± 0.06 34.1 4.29 

2-4 185 15.74 ± 0.03 29.0 7.50 

2-5 185 19.35 ± 0.02 24.2 11.90 

 337 

Table 3 lists the parameters for different filter bulk settings. The bulk is defined as the total 338 

filter volume divided by the mass (this is equivalent to the reciprocal of the filter effective 339 

density). Unlike the cases in the last section, changing the bulk emphasizes the change of pore 340 

space in the flow direction. The bulk of the filter was varied by compacting a structure of 341 

thickness of 450 μm along the TT direction to a certain fraction of the original thickness. The 342 

basis weight of the filter was kept constant at 40 g/m2. As shown in Table 3, when the bulk of 343 

the filter decreased from 8.75 to 1.25 cm3/g, the median pore size decreased 45.48% (from 47.5 344 

to 29.5 μm), and the initial pressure drop increased 95.89% (from 4.14 to 8.11 Pa). Comparing 345 

the median pore sizes between Tables 1, 2, and 3, it is clear that the pore size strongly depends 346 

on the solidity rather than the thickness of the filter media. 347 

 348 

The evolution of pressure drop as a function of filter bulk during particle loading is shown in 349 

Figure 5a. The curves for higher bulk filters during the initial and transition stages were flatter, 350 

where more particles were deposited in the deeper zones of the filter due to the increased void 351 

pore space as shown in Figure 5c. After entering the cake filtration stage, the slope of the curves 352 

for filters with different bulks were similar. Thus, as the final pressure drop of 65 Pa was reached, 353 
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the highest bulk filter showed the highest DHC, 129.01% higher than that of the filter with the 354 

bulk of 1.25 cm3/g. In terms of filtration efficiency, since the diameter of the loaded particles 355 

was 2.5 μm, the interception mechanism was dominant, so higher bulk filters with wider flow 356 

channels had lower filtration efficiency as shown in Figure 5b. But for smaller particles (< 90 357 

nm) (see Figure 2Sa), the higher bulk filter showed better filtration performance, because 358 

increasing the bulk of the filter extended the residence time of smaller particles dominated by 359 

the diffusion effect, leading to improved filtration efficiency.  360 

 361 

Table 3. The structural characteristics of the virtual filter media with different bulks. 362 

Case b, cm3/ g εf, % h, μm D50, μm ΔP0, Pa 

3-1 1.25 19.35 ± 0.03 50 25.9 8.11 

3-2 3.75 15.74 ± 0.03 150 29.0 7.49 

3-3 4.63 11.61 ± 0.02 185 35.2 5.64 

3-4 6.25 8.29 ± 0.03 250 42.4 4.67 

3-5 8.75 6.45 ± 0.01 350 47.5 4.14 

 363 

3.2 Effect of fiber orientation in the in-plane direction on the loading performance 364 

The fiber arrangement in the IP directionwas designed as depicted in Figure 1b-g. The solidity 365 

and thickness of the filter media were set to 15.74% and 185 μm, respectively. According to 366 

Equation 7, filter media with the same geometric parameters such as thickness, porosity, and 367 

fiber diameter should have the same filtration performance. However, the initial differential 368 

pressure and median pore size of filter models listed in Table 4 differ, indicating fiber 369 

orientation is another critical factor affecting filtration performance. In the filters designated as 370 

O-90, O-30, and O-45, the fiber orthographic projections onto the plane intersected each other 371 

with prescribed angles, fibers contacted each other, and the fiber surface area exposed to the air 372 

flow was smaller, resulting in smaller drag forces as well as pressure drop, compared with filter 373 

O-180, O-stag, and O-align where most of the fibers kept isolated. Similarly, for smaller 374 

particles affected by the Brownian motion, filters O-180, O-stag, and O-align had higher 375 

filtration efficiencies than the others as shown in Figure S3. Here, the filter F-hom referred to 376 



15 

 

the filter with a normal structure as shown in Figure 1a. However, filters O-180 and O-stag had 377 

lower efficiency in filtering larger particles dominated by interception and inertial impaction 378 

effect, the filters had a straight flow path with geometric tortuosity (i.e., the ratio between the 379 

shortest pathway in the media to the distance to the upper and lower surfaces) nearly 1 as shown 380 

in Figure S4. Further, the quality factor Q (i.e., Q = - ln (1-E0)/ ΔP0) of each filter was calculated 381 

and shown in Figure 6a. Filter O-hom had the largest quality factor in general, followed by 382 

filter O-90, O-30, and O-45. Noted that the quality factor was calculated with filtration 383 

efficiency against NaCl particles with sizes from 10-1000 nm at a face velocity of 5.35 cm/s.  384 

 385 

The curves for the pressure drop versus the mass of the deposited particle during the simulation 386 

are shown in Figure 6b. When the final pressure drop was set as 65 Pa, the DHC of filter O-30 387 

was highest at about 20.9 g/m2, followed by filter O-90 and O-45, which was 53.7% higher than 388 

that for filter O-180, with more particles deposited on the front part of the filter O-30 as seen in 389 

Figure 6d. To understand this finding, the distribution of deposits inside the filter across the IP 390 

direction after loading 10 batches of particles was further analyzed as shown in Figure S5. 391 

Compared with filter O-stag and O-align, which had regular pore structures, the pore sizes in 392 

filter O-180 were non-uniform, when the smaller pores got blocked, the available flow path 393 

would reduce, leading to higher interstitial velocity  in the surviving pores, which explained the 394 

sharp increase of pressure drop at a later time [52]. Similarly, the loading capacity of filter F-395 

hom stacked with randomly oriented fibers was also relatively lower. Therefore, filters with 396 

uniform pore size showed better particle loading performance. 397 

 398 

Table 4. The structural characteristics of the virtual filter with oriented fibers. 399 

Case Model β, ° εf, % D50, μm ΔP0, Pa 

4-1 O-90 90 15.74 ± 0.07 26.3 6.64 

4-2 O-45 30 15.74 ± 0.04 21.0 8.09 

4-3 O-30 45 15.74 ± 0.04 27.6 8.69 

4-4 O-180 180 15.74 ± 0.01 11.8 10.49 

4-5 O-stag 180 15.74 ± 0.04 14.5 12.84 

4-6 O-align 180 15.74 ± 0.00 11.5 14.70 
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3.3 Effect of the design of fiber arrangement in the through-thickness (TT) direction on 400 

the loading performance 401 

This section investigated the composite filter media with layered and gradient structures 402 

(Figure 1h-o). The SVF of the 2 μm fibers over the filter thickness is shown in Figure 7a. For 403 

the layered structures, the finer fibers were stacked within 0 ~ 10 μm, 87.5 ~ 97.5 μm, and 175 404 

~ 185 μm away from the upper surface, respectively. In the gradient cases, the SVF of finer 405 

fibers smoothly decreased linearly or exponentially across the thickness, while the coarse fibers 406 

were distributed homogeneously. The fractional filtration efficiencies of the filters with layered 407 

and gradient structures against NaCl particles from 10 ~ 1000 nm were compared with filter G-408 

hom as shown in Figure S6. Further, the quality factor of each filter was calculated in Figure 409 

7b. For particles smaller than 70 nm, the layered filters showed lower quality factors than those 410 

with gradient and uniform structures. As the particle size became larger, this discrepancy got 411 

smaller. The reason could be that if the finer fibers, which play a predominant role in the 412 

filtration efficiency, gathered in a 10 μm-thick layer, fibers contact each other, and the effective 413 

filtration area is reduced, leading to the lower filtration efficiency for smaller particles. However, 414 

on the other hand, the smaller formed pores capture larger particles more effectively due to the 415 

enhanced interception effect.  416 

 417 

The simulation results of the filter composites under continuous loading of A2 dust with CMD 418 

2.5 um are shown in Figure 8a-c. The initial pressure drop at 5.35 cm/s face velocity was around 419 

15.00 Pa. The filtration efficiencies of the filters were close to each other. Except for the filter 420 

L-top, the pressure drop curves before the cake filtration stage were different because of the 421 

variety of internal structures. In the cake filtration stage, the slopes of pressure drop curves were 422 

similar. The filter L-top showed the worst DHC, followed by the L-mid, G-exp, and G-lin, 423 

which can be explained by the so-called “skin effect”[53]. As indicated in Figure 8c, the pressure 424 

drop curve of the filter L-top has high linearity, and the conspicuous peak of SVF appeared on 425 

the upstream side of the filter, where particles were packed forming a dense dust cake, 426 

suggesting very few particles entered the depth of the filter. The performance of filter G-hom 427 

was at an intermediate level. The filter L-bot took the lead in the DHC (23.35 g/m3), followed 428 
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by the GI- lin and GI-exp, 63.98% higher than the filter L-top. In these cases, the “skin effect” 429 

was mitigated, and more particles were trapped close to the outlet plane, which means the space 430 

utilization of the filter was improved, leading to a higher DHC. But if the mechanical properties 431 

were also considered, filters with a structure like GI-lin which can be industrially produced by 432 

a paper machine with a dual-channel headbox[12]may show better mechanical performance than 433 

the Filter L-bot with the weak bonding force between layers achieved by a glue or hot melt 434 

adhesive.  435 

 436 

4. Conclusion 437 

In this work, 3D microscale simulations were conducted to study the effect of filter 438 

microstructure on the dust loading performance. The simulation method was validated by 439 

comparing its results with well-known semi-empirical equations. Then, highly fiber structure-440 

resolved filter media with different thicknesses, solidities, bulks, and fiber arrangements in the 441 

in-plane (perpendicular to air flow) direction was virtually designed. Additionally, eight 442 

composite filter media with finer fibers in a layered or gradient profile were created. The 443 

distribution of particle deposits during loading was predicted, and the corresponding evolutions 444 

of pressure drop and filtration efficiency during the dust loading process were investigated.  445 

 446 

We found that the filter microstructure mainly affects the increase rate of pressure drop in the 447 

depth filtration stage. After entering the cake filtration stage, the discrepancy between the slop 448 

of curves for filters with different structures was minor.  Suggestions for the filter structure 449 

designs are derived: i) Increasing the thickness of the filter improves the filtration efficiency 450 

but not the DHC. Thus, when the desired efficiency is achieved, the thickness should be reduced 451 

to lower the pressure drop penalty. Filter with loose structure (high bulk) shows a high DHC 452 

despite having a high initial pressure drop, its filtration efficiency against large particles (>90 453 

nm) will decrease slightly. ii) In terms of fiber orientation in the IP direction, as the final 454 

pressure drop was reached, the DHC of filter O-30 was highest, followed by filter O-90 and O-455 

45, which was 53.7% higher than filter O-180. iii). With regard to the fiber arrangement in the 456 

TT direction, the layered filter L-bot with a finer fiber layer at the bottom showed the highest 457 
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DHC, followed by the gradient filter GI-lin and GI-exp with open pore structures in the front 458 

part, which was 63.98% higher than the filter L-top with the inverted structure of the filter L-459 

bot. 460 

 461 

Our work demonstrates the use of a computational approach to explore better microstructure 462 

designs for improved loading performance, which can make up for the long-cycle traditional 463 

design methods currently applied in the industry for filter media development. The results 464 

provide insight into the influence of filter microstructure on its performance, allowing future 465 

optimization of the filter design. Furthermore, the obtained data can be used as a filter material 466 

genome database for machine learning and a data-driven framework for permeability or particle 467 

loading performance prediction. The experimental validation of the modeling results will be 468 

considered in future work but are not within the scope of this work. 469 

 470 

5. Nomenclature 471 

a0                                   Effective adhesion distance (m) 472 

A                        Filter area cross-section (perpendicular to the airflow) (m2) 473 

b                         Bulk of the filter media (cm3/ g) 474 

Cc                      Cunningham slip correction factor 475 

df                        Fiber diameter (m) 476 

Dp                       Particle diameter (m) 477 

D50                     Median pore size (μm) 478 

E0                       Filtration efficiency of the clean filter 479 

𝑓                        Force density (N/m3) 480 

h                        Thickness of the filter media (μm) 481 

H                        Hamaker constant (J) 482 

kB                       Boltzmann constant (J/K) 483 

m                        Particle mass (kg) 484 

Mc                      Cake mass (kg) 485 
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p                         Pressure (Pa) 486 

ΔP0                     Pressure drop of the clean filter (Pa)  487 

ΔPc                     Pressure drop of the loaded dust (Pa)  488 

Q                        Quality factor (1/Pa) 489 

t                          Time (s) 490 

tf                          Thickness of the filter media (m) 491 

T                         Temperature (K) 492 

us                        Superficial velocity (m/s) 493 

v         Air velocity (m/s) 494 

vp         Particle velocity (m/s) 495 

xi                                     Position of the tracked particle in the ith step (m)  496 

β                         Angle of the intersecting fibers (°) 497 

εf                         Solidity of the clean filter media 498 

εc                         Solid volume fraction of the cake     499 

κ                          Dynamic shape factor of the particle  500 

σp                        Geometric standard deviation of the particle size distribution                    501 

ρ                          Air density (kg/m3) 502 

ρp                         Particle density (kg/m3) 503 

µ                         Air viscosity (Pa·s) 504 

γ                          Friction coefficient 505 

λ                          Mean free path of air molecules (m)  506 
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 507 

Figure 1. Designs of virtual filter media with various microstructures. a) normal filter media 508 

(case 1x, 2x, 3x), b) filter O-90, c) filter O-30, d) filter O-45, e) filter O-180, f) filter O-stag, 509 

g) filter O-align, h) filter L-top, i) filter L-mid, j) filter L-bot, k) filter G-hom, l) filter G-lin, 510 

m) filter GI-lin, n) filter G-exp, o) filter GI-exp.  511 
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 512 

Figure 2. Validation of the simulation configurations. (a) Comparison between the simulated 513 

pressure drop growth curve and semi-empirical predictions; Visualization of the loaded filter b) 514 

with and c) without fiber network; (d) SVF distribution of particle deposits.  515 
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 516 

Figure 3. Effects of the filter thickness on the a) pressure drop and b) filtration efficiency 517 

against particles with a diameter of 2.5 μm; (c) SVF distribution of particle deposits.  518 
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 519 

Figure 4. Effects of the filter solidity on the a) pressure drop and b) filtration efficiency against 520 

particles with a diameter of 2.5 μm; (c) SVF distribution of particle deposits.  521 
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 522 

Figure 5. Effects of the filter bulk on the a) pressure drop and b) filtration efficiency against 523 

particles with a diameter of 2.5 μm; (c) SVF distribution of particle deposits.  524 
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 525 

Figure 6. Effects of the fiber orientation on the a) quality factor, b) pressure drop, and c) 526 

filtration efficiency against particles with a diameter of 2.5 μm; (d) SVF distribution of particle 527 

deposits.  528 
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 529 

Figure 7. (a) SVF distributions of finer fibers (layers or gradients) across the thickness of the 530 

composite filter media. (b) Quality factors of the composite filter media.  531 
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 532 

Figure 8. Effects of the fiber arrangement over the thickness of the filter on the a) pressure drop 533 

and b) filtration efficiency against particles with a diameter of 2.5 μm; (c) SVF distribution of 534 

particle deposits.  535 
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